Introduction {#S0001}
============

Cancer, as a growing health problem worldwide, affects millions of people every year. According to International Agency for Research on Cancer (IARC), the global cancer burden is increasing. If no effective measures were taken, it is expected that by 2030, there will be 22 million new cancer cases a year and the number of cancer deaths will rise to 13 million during the same period.[@CIT0001] Cancer will transcend cardiovascular disease and become the most important health problem in the 21st century. It will seriously endanger the survival of human and bring heavy burden to the economic development. Although certain achievements were made in the continuous struggle with cancer, it is still a long way to go to conquer cancer. Current cancer therapies, such as chemotherapy, radiotherapy, molecular targeted therapy, and immune checkpoint inhibitor, are limited by the development of resistance to these therapies.[@CIT0002] Therefore, we need to identify a new strategy or new therapeutic agent that can overcome resistance. Because of their safety and low toxicity, natural compounds have gained much attention in the prevention and treatment of cancer. Resveratrol, as a naturally occurring stilbene phytoestrogen, mainly found in many foods, such as mulberry, peanut, pineapple, grape, and wine, exhibits chemopreventive and therapeutic effects on several cancers by targeting some molecules that play important roles in tumourigenesis.[@CIT0003],[@CIT0004] Studies have shown that resveratrol can induce autophagy in cancer cells.[@CIT0005] Autophagy is primarily a mechanism that suppresses tumorigenesis by maintaining genome integrity and preventing proliferation and inflammation.[@CIT0006] Allelic loss beclin 1 or constitutive activation of the autophagy-suppressing pathway such as phosphatidylinositol 3-kinase (PI3K)/Mammalian Target of Rapamycin (mTOR) pathway are common causes of autophagy defects in cancer cells.[@CIT0007] Therefore, autophagy regulation plays an important role in cancer therapies, and the development of efficient approaches to modulate the function of autophagy is critical. In this review, we describe how the autophagy pathway plays an important role during cancer development and emphasize that resveratrol can induce autophagy via mTOR signaling pathway and accelerate the degradation of p62 in the treatment of cancer, and further discuss the effect of resveratrol on autophagy and apoptosis in different cancers. We also illustrate the cytotoxic enhancement effect of resveratrol and its synergy with other chemotherapeutic agents and autophagy inhibitors.Table 1The Mechanisms Of Resveratrol Inducing Autophagy In Different CancersCancer TypeThe Mechanism Of Resveratrol EffectFindingsReferencesLung cancerMediate autophagocytic death through Ca2+/AMPK-mTOR signaling pathwayInducing growth inhibition and cell death[@CIT0023]Ovarian cancerInducing reactive ROS generationEnhancing apoptotic and autophagic activities[@CIT0025]Inactivating STAT3 signaling, upregulating two autophagy-related genes, LC3 and Beclin-1Increasing sensitivity to chemotherapy drugs[@CIT0081]Oral cancerInducing autophagy and apoptosis by stimulating the expression of autophagic proteinInducing autophagic pathway switched to the apoptotic machinery, and improving the sensitivity to cisplatin[@CIT0005]Colorectal carcinomasInducing autophagy and initiating Caspase-8/Caspase-3-dependent apoptosis via producing ROSSuppressing the growth of cancer cells[@CIT0082]Prostate carcinomasActivating autophagic cell death via downregulating STIM1 and mTOR pathwayInhibiting cell proliferation and activating apoptosis[@CIT0083]Breast carcinomasIncreasing PTEN protein levels and decreasing phosphorylation of AKTResensitizing cancer cells to treatments and inducing apoptosis and inhibiting cell proliferation[@CIT0084]Head and neck cancerInhibiting the Nrf2/ARE pathway and facilitating p62 degradationReversing the resistance to ferroptosis in HNC cells[@CIT0073]

Autophagy And Cancer {#S0002}
====================

Autophagy is a process of degrading cytoplasmic proteins or organelles, which are first wrapped in vesicles and then fused with lysosomes to form autophagy lysosomes, and finally degraded in autophagy lysosomes. In this process, the metabolic needs of the cell itself and the renewal of some organelles are realized.[@CIT0008] As a major cellular route for degrading its own cytoplasmic long-lived proteins and cytoplasmic organelles, this kind of lysosome exists widely in normal cells and acts as a "scavenger" in the cells, which acts as a normal pathway for the natural reduction and renewal of intracellular organelles and other structures. Autophagic lysosomes greatly increase when tissue cells are injured by various physical and chemical factors, so they play a protective role in cell injury and malignant transformation. Although autophagy has been shown to suppress tumorigenesis, its effect is context-dependent. Once a tumor occurs, tumor cells can use this process to survive in hostile metabolic microenvironments and use autophagic substrates to maintain tumor growth.[@CIT0006] The discovery of the ATG (autophagy-related proteins) gene beclin 1, as a candidate tumor suppressor gene in human breast carcinoma, was the first specific link between the autophagy mechanism and human cancer.[@CIT0009] It has been reported that the critical autophagy gene beclin 1 is mono-allelically lost in 40% to 75% of the human prostate, breast, and ovarian cancers, which shows that autophagy plays an important role in tumor-suppression mechanism.[@CIT0009]--[@CIT0011] Over the past decade, some of the genetic correlations that exist between autophagy defects and cancer development have been the basis for the theory that autophagy is the real tumor-suppressing pathway.[@CIT0012],[@CIT0013] Recent studies have shown that several proteins and signaling pathways associated with autophagy, such as PI3K/Akt, Ras, and Myc oncogenes, are involved in tumorigenesis and lead to the inhibition of autophagy.[@CIT0014] There are some signaling pathways regulating both autophagy and tumorigenesis. The tumor suppressor genes, such as PTEN, tuberous sclerosis complex 1 (TSC1), and tuberous sclerosis complex 2 (TSC2) can inhibit the upstream signal of mTOR and stimulate autophagy, while PI3K/Akt inhibits autophagy by activating mTOR signaling pathway.[@CIT0015] In this review, we focus on autophagy induced by resveratrol through the regulation of mTOR and p62 signaling pathway.

Resveratrol - An Inducer Of Autophagy {#S0003}
=====================================

Anticancer Effects Of Resveratrol Combined With Different Polyphenols {#S0003-S2001}
---------------------------------------------------------------------

Resveratrol (3,5,4-trihydroxystilbene) is a naturally occurring non-flavonoid polyphenol compound, which is an antitoxin produced by many plants under various external stimuli, such as excessive sunlight, ultraviolet radiation, and invading fungal infection.[@CIT0016] Resveratrol is found in various food such as grape, mulberry, cranberry, and peanut with different concentrations.[@CIT0017] And its cancer-preventive and anti-cancer properties have attracted considerable attention in the last two decades.[@CIT0018] The first real interest in the cancer chemopreventive activity of resveratrol was reported by Jang and colleagues that resveratrol has the ability to inhibit cellular events associated with tumorigenesis and progression.[@CIT0019] Epidemiological research shows that women who eat grapes rich in resveratrol have a reduced risk of developing breast cancer by at least 50%.[@CIT0020] Resveratrol can act on signal-transduction pathways associated with the initiation and progression of cancer, such as pathways that affect inflammation, angiogenesis, cell growth and division, apoptosis, and metastasis.[@CIT0002] It has been demonstrated that resveratrol exhibits cytotoxicity and concentration-dependently suppresses cell viability in prostate cancer, oral cancer, non-small cell lung cancer, but has low toxicity in normal cells.[@CIT0005],[@CIT0021],[@CIT0022] Many compounds derived from natural products, such as quercetin and curcumin, also can act against cancer by inducing autophagy. The combination of different polyphenols may elicit synergistic or antagonistic effects.[@CIT0023] In previous studies, it was argued that the combination of curcumin and resveratrol had synergistic anti-cancer effects in breast cancer, colon cancer, hepatocellular cancer, and lung cancer.[@CIT0024]--[@CIT0027] Surprisingly, despite both resveratrol and quercetin activated the autophagy process, the combination of them resulted in an antagonistic effect in the human hepatoblastoma HepG2 cells.[@CIT0028]

The Effect Of Resveratrol On Autophagy And Apoptosis In Different Cancers {#S0003-S2002}
-------------------------------------------------------------------------

Apoptosis and autophagy are two self-destructive processes.[@CIT0007],[@CIT0029] The functional relationship between apoptosis and autophagy is complex, and in some cases, autophagy forms a stress adaptation that protects cells from apoptosis, while in other cell environments, autophagy can induce cell death by itself or initiate apoptosis.[@CIT0030] Here, we discuss the effect of resveratrol on autophagy and apoptosis in different cancers ([Table 1](#T0001){ref-type="table"}). It has been shown that resveratrol could mediate autophagocytic death through Ca[@CIT0002]+/AMPK-mTOR signaling pathway, and treatment human non-small cell lung cancer cells (A549) with resveratrol could also induce cell death through autophagy via this signaling pathway, but not apoptosis.[@CIT0031] Lang and colleagues reported that resveratrol could induce cell death via inducing reactive oxygen species (ROS) generation and triggering autophagy and apoptosis in human ovarian cancer (OVCAR-3) cells, and this effect can be significantly attenuated by the autophagy inhibitor chloroquine.[@CIT0032] It also has been proved that resveratrol can induce autophagy in SKOV3 human ovarian cancer cells and inhibit apoptosis. However, when autophagy inhibitor 3-methyladenine (3-MA), an inhibitor of PI3K, is applied simultaneously, resveratrol efficiently promotes cell apoptosis through inhibiting autophagy, and the inhibition effect on cell survival is significantly stronger, which suggests that autophagy induced by resveratrol may be protective for SKOV3 cells as a protective autophagy.[@CIT0033] Moreover, it has been shown that resveratrol can induce autophagy and apoptosis by stimulating the expression of autophagic protein in cisplatin-resistant human oral cancer CAR cells. It also demonstrated that accumulation of autophagic vacuoles was before pronounced hallmarks of apoptosis appeared, suggesting that the autophagic pathway switched to the apoptotic machinery in the process of resveratrol inducing CAR cell death. It also has been proved that 3-MA can specifically block the fusion of autophagosomes with lysosome and enhanced CAR cell viability after treatment with resveratrol.[@CIT0005]

Anticancer Effects Of Resveratrol Combined With Chemotherapeutic Drug {#S0003-S2003}
---------------------------------------------------------------------

Chemotherapy, as the principal treatment of cancer, drug resistance has become the main factor affecting the effectiveness of cancer treatment.[@CIT0034] Importantly, combination of resveratrol and chemotherapeutic drug can enhance the efficacy of chemotherapeutic drug treatment in cancer cells. It has been elucidated that resveratrol enhances the effectiveness of cisplatin and sensitizes cells to the cytotoxic effect of cisplatin in prostate cancer cells, ovarian cancer cells, non-small cell lung cancer cell lines, small cell lung cancer cells, hepatoma cells, colorectal cancer cells, breast cancer cells, and malignant mesothelioma cells.[@CIT0021],[@CIT0022],[@CIT0035]--[@CIT0040] Rajesh and colleagues have demonstrated that resveratrol combined with low-dose docetaxel could improve clinical outcomes in clinical prostate cancer treatment.[@CIT0041] Resveratrol also can exert synergistic cytotoxic effect with docetaxel by blocking the HER-2-Akt signal axis in HER-2-overexpressing breast cancer cells.[@CIT0042]

Mechanism Of Resveratrol Inducing Autophagy {#S0003-S2004}
-------------------------------------------

Although a variety of signaling pathways for autophagy induced by resveratrol have been proposed, the mechanism of autophagy induced by resveratrol and which molecular pathways dictate the choice of resveratrol between autophagy and apoptosis in different cancer cells remain to be further studied. We first focus on mTOR, a serine/threonine kinase complex, as a target of resveratrol ([Figure 1](#F0001){ref-type="fig"}). mTOR, a central inhibitor of autophagy in mammalian cells, was first discovered as a target for the anti-fungal drug rapamycin in the early 1990s.[@CIT0043],[@CIT0044] mTOR exists in two different complex forms, mTOR complex 1 (mTORC1) and 2 (mTORC2). As a key factor in tumorigenesis, many cancer cells are accompanied by abnormal regulation of mTOR signaling pathway, which provides a basis for mTOR as a potential target for cancer therapy.[@CIT0045],[@CIT0046] It has been suggested by Liu and colleagues that resveratrol could enhance the interaction between mTOR and DEPTOR (DEP-domain containing mTOR-interacting protein), an inhibitor of mTOR.[@CIT0047],[@CIT0048] Activation of AMP-activated protein kinase (AMPK), an intracellular energy and metabolic receptor, is essential to regulate the energy and metabolic balance of the cell as a whole. It can act on a series of downstream target molecules through phosphorylation.[@CIT0049] Raptor, an integral part of the mTORC1 complex, is also one of the downstream target molecules of AMPK and can be phosphorylated by AMPK. Gwinn and colleagues have illustrated that resveratrol can repress mTORC1 activity by activating the endogenous AMPK.[@CIT0050] Dohyun Park and colleagues also demonstrated that resveratrol can inhibit mTOR directly, which is supported by the observation that the addition of resveratrol in vitro inhibits the activity of mTOR; additionally, this study provides that resveratrol has the ability to induce mTOR-dependent autophagy and reduce the viability of cancer cells.[@CIT0051] Resveratrol, also as an activator of SIRT1, induces protective autophagy via inhibiting Akt/mTOR and activating p38-MAPK in non-small cell lung cancer[@CIT0052] ([Figure 1](#F0001){ref-type="fig"}). Resveratrol has been shown to participate in both pro-survival and pro-death cellular process. However, the anticancer properties of resveratrol were probably due to the common effects of resveratrol on multiple signaling pathways, rather than just on a single pathway. The mechanism of resveratrol inducing autophagy against cancer remains to be further studied.

Resveratrol Accelerates The Degradation Of p62 {#S0004}
==============================================

p62, also called sequestosome 1 (SQSTM1), as a multidomain protein, contains different domains in the molecular structure. The sequence of p62 protein includes PB1 domain, ZZ zinc finger domain, TB domain, LC3-interaction region (LIR), Kelch-like ECH-associated protein 1 (Keap1)-interacting region (KIR), two nuclear localization signals (NLS1/2), one nuclear export signal (NES) motif, and near C terminal Ub-associated (UBA) domain.[@CIT0053] As a classical receptor of autophagy, p62 involves in selective autophagy through its PB1, LIR, and UBA domains. Under physiological conditions, the autophagy substrate protein interacts with the UBA domain of p62, and the substrate is loaded into the p62 oligomer to form the aggregation of p62 oligomer and autophagy substrate protein. Through the LIR region of p62, the aggregation is targeted into autophagosome and degrades in lysosome.[@CIT0054],[@CIT0055] The multi-functional structure of p62 makes it a multi-signal pathway center, which is involved in the maintenance and regulation of the basic function of cells.[@CIT0056]

Importantly, it has been found that p62, as a target of autophagy ([Figure 1](#F0001){ref-type="fig"}), is constantly controlled by constitutive autophagy.[@CIT0057],[@CIT0058] Defects in autophagy upregulate p62.[@CIT0059] It was suggested that the abnormal accumulation of p62 due to impaired autophagy might promote tumorigenesis by activating the signaling pathway regulated by p62.[@CIT0060] Importantly, high levels of p62 can lead to malignant transformation of epithelial cells, with or without impaired autophagy.[@CIT0061] Umemura and colleagues also suggested that the abnormal accumulation of p62 is a key pre-tumor event for the initiation of typical hepatocellular carcinomas (HCC) and can lead to activation of three important carcinogenesis factors: Nrf2, mTOR, and c-Myc.[@CIT0061] Resveratrol increases the degradation of p62 by enhancing autophagy, which in turn promotes the formation of apoptosis initiating Fas/Cav-1 complexes, and then the cleavage of beclin 1 and activation of caspase-8 trigger apoptosis, thus enabling the transition from autophagy to apoptosis.[@CIT0062] Autophagy and apoptosis are both important biological phenomena involved in maintaining cell stability, structure, and function. Abnormalities of autophagy cause occurrence of cancer cells. We speculate that resveratrol, as an autophagy inducer, can prevent progression of oncogenic transformation as well as reduce recurrence of cancer via facilitating the degradation of p62.

Resveratrol Inhibits The Downstream Signaling Pathways Of p62 {#S0005}
=============================================================

Resveratrol Inhibits mTOR {#S0005-S2001}
-------------------------

mTOR is a central inhibitor of autophagy in mammalian cells.[@CIT0063] As mentioned earlier, resveratrol can directly inhibit mTOR and then induce autophagy. mTOR also can be regulated by multiple signals, such as growth factors, hormones, and the levels of amino acid. When the levels of amino acid change, mTOR is activated by p62. The abnormal accumulation of p62 can be observed in different cancer cells, which may play a carcinogenic role by activating mTOR.[@CIT0064] Treatment with resveratrol, the activation of autophagy can reduce the accumulation of p62,[@CIT0062] following by blocking the mTOR activation,[@CIT0061] and further activates autophagy[@CIT0063] ([Figure 1](#F0001){ref-type="fig"}), which could enhance the anti-tumor effect of resveratrol. Whether there was a positive feedback and whether resveratrol could exert the maximum anti-tumor effect through this positive feedback remains to be further studied.

Resveratrol Regulates Nrf2 {#S0005-S2002}
--------------------------

Nrf2 is a signal protein that regulates transcription and responds to oxidative stress.[@CIT0065] Intracellular Nrf2 abundance is strictly regulated by Keap1, a redox-sensitive E3 ubiquitin ligase substrate adaptor.[@CIT0066] Under homeostatic conditions, low levels of Nrf2 are primarily maintained by Keap1-mediated proteasomal degradation.[@CIT0067] Under oxidative stress conditions, Keap1 is oxidized at reactive cysteine residues, resulting in inactivation of Keap1 and stabilization of Nrf2, which then translocates into the nucleus and subsequently binds to antioxidant response elements (ARE) of target genes.[@CIT0068],[@CIT0069] Komatsu and colleagues have shown that p62, as an endogenous protein, activates Nrf2 by competitive combination of Keap1.[@CIT0070] Jain and colleagues also demonstrated that p62 creates a positive feedback loop in the Keap1--Nrf2 pathway and the loop will be broken by the autophagic degradation of p62.[@CIT0071] When the autophagy is damaged, p62 accumulates and activates the Nrf2 by isolating the Keap1 into the inclusion bodies ([Figure 1](#F0001){ref-type="fig"}). Although the activation of Nrf2 has protective effect on the body during oxidative stress, the sustained activation of Nrf2 in cancer cells will improve the ability of anti-oxidation and detoxification of cancer cells and enhance therapeutic resistance of cancer cells.[@CIT0072] Recently, Daiha Shin and colleagues have shown that activation of the Nrf2/ARE pathway increases the resistance to glutathione peroxidase 4 (a regulator of ferroptosis) inhibitor in head and neck cancer cells (HNC) and that inhibition of this pathway reverses the resistance to ferroptosis (iron-dependent, non-apoptotic cell death) in HNC cells.[@CIT0073] Resveratrol, as an autophagy inducer, can facilitate p62 degradation, and as a result, p62-mediated Nrf2 activation is suppressed. It may be one of the pathways that resveratrol can reverse multidrug resistance in cancer cells ([Figure 1](#F0001){ref-type="fig"}). In addition, resveratrol can activate the Nrf2/ARE signaling pathway and play an antioxidant protective role by regulating the expression of antioxidant protein, oxidase, and phase II detoxifying enzymes, which is of great significance in the prevention of tumorigenesis.[@CIT0074] Figure 1Mechanistic illustrations. Resveratrol induces autophagy by inhibiting mTOR through multiple pathways, such as promoting the association between mTOR and DEPTOR, triggering the phosphorylation of Raptor via activating AMPK and directly inhibiting mTOR, and as an SIRT1 activator to active AMPK and directly inhibit mTOR. Autophagy accelerates the degradation of p62, and then, the mTOR activation is blocked and Nrf2 activation is suppressed. As a result, resveratrol can reverse multidrug resistance in cancer cells.

Resveratrol Inhibits The Proliferation Of Cancer Stem Cell (CSC) {#S0006}
================================================================

The CSC hypothesis suggests that cancer is the result of an unregulated expansion of the self-renewed CSC population. Understanding the self-renewal mechanism of CSCs will help identify molecular targets that are important for future treatments.[@CIT0075] The Wnt/β-catenin pathway, associated with multiple cancers and with self-renewal of normal tissue cells, is a specifical therapeutic target.[@CIT0076],[@CIT0077] It has been verified that resveratrol induces autophagy in breast cancer stem-like cells (BCSCs) via suppressing Wnt/β-catenin signaling pathway and significantly inhibits the proliferation of BCSCs.[@CIT0078] Chu and colleagues demonstrated that attenuating Wnt/β-catenin signaling enhances p62-mediated autophagy and apoptosis\>.[@CIT0079] Tian and colleagues also found that blocking the Wnt/β-catenin signaling pathway could prevent Nrf2 signaling and enhance the efficacy of radiotherapy.[@CIT0080] In this review, we highlight that resveratrol, as an inducer of autophagy, can accelerate the degradation of p62 and inhibit the downstream signaling pathways of p62, such as mTOR and Nrf2 and reverse multidrug resistance in cancer cells. In the treatment of tumor stem cells, resveratrol has been shown to inhibit the Wnt/β-catenin pathway, which in turn induces autophagy and inhibits the proliferation of stem cells, and it has been confirmed that there is a link between the Wnt/β-catenin signaling pathway and p62 and Nrf2, but whether p62 and Nrf2 are involved in the mechanism of autophagy inducing by resveratrol via inhibiting the Wnt/β-catenin in CSC needs to be confirmed by further research.

Conclusion {#S0007}
==========

As mentioned earlier, resveratrol appears to be used both for cancer chemoprevention and for cancer treatment, which exhibits cytotoxicity and suppresses cell viability concentration-dependently, but has low toxicity in normal cells. Combined with different polyphenols, resveratrol elicits synergistic anticancer effects or antagonistic effects. Resveratrol also enhances the effectiveness of chemotherapeutic drug and sensitizes cells to the cytotoxic effect. And in this review, we highlight that resveratrol, as an inducer of autophagy, reverses multidrug resistance in cancer cells by accelerating the degradation of p62 and inhibiting the downstream signaling pathways of p62, such as mTOR and Nrf2. And the combination of resveratrol with different polyphenols or chemotherapeutic drugs may produce synergistic anticancer effects and provide a promising novel anticancer treatment strategy.

Although it has been demonstrated that resveratrol can induce autophagy in several cancers, the mechanism of resveratrol inducing autophagy and the effect of resveratrol on autophagy and apoptosis in different cancers remain to be elucidated.
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